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1. Chapter 1 – Introduction 
Diverse cognitive functions have been associated with dynamic brain states 
that emerge due to simultaneous activity of neural ensembles. Disentangling 
activity of these neural ensembles as representative features of brain states and 
forming an association with the emergent cognitive function remains a 
challenge. However, it has been possible to record brain states using advanced 
neuroimaging techniques while executing different cognitive tasks. Furthermore, 
by assessing the recorded brain states while performing various cognitive tasks 
could hint towards the associations between brain states and cognitive 
functions. Such associations are further strengthened by correlating the 
alterations in brain states induced by an external intervention with alterations in 
cognitive functions. 
Using a novel strategy allowing for assessment of brain states recorded by 
magnetoencephalography (MEG) during transcranial electric stimulation (TES) 
(Soekadar et al. 2013, Witkowski et al. 2015, Garcia Cossio et al. 2015), effects 
of TES on cognitive brain functions are investigates.   
After Soekadar et al. (2013) showed that assessment of MEG recordings 
performed during TES is possible, it has recently been shown that currently 
available stimulation artifact rejection methods cannot completely remove all 
stimulation artifacts (Noury et al. 2016). Thus, in addition to demonstrations of 
successful applications of TES to influence cognitive function, this dissertation 
also highlights possible strategies to infer TES effects on neural activity despite 
these artifacts. Due to their non-linearity, however, interpretation of 
neuroimaging data recorded during TES must be interpreted with great care.  
1.1 Magnetoencephalography (MEG) 
Magnetoencephalography (MEG) is a brain imaging technique that can 
record ongoing fluctuations in magnetic fields originating from the brain on a 
millisecond-by-millisecond time scale. Such fluctuations in magnetic fields occur 
in the brain due to dynamic neuronal transmembrane electro-chemical currents. 
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These dynamic magnetic field fluctuations generated within the human head are 
a billion times smaller than the earth’s magnetic field. Therefore, MEG captures 
magnetic field fluctuation from the brain through highly sensitive magnetic field 
sensors using superconducting quantum interference devices (SQUID). Due to 
high sensitivity of SQUID, MEG recordings are performed in a shielded room to 
prevent interference from fluctuating environmental magnetic fields.  
The small size of the SQUID sensors allows high spatial resolution of MEG 
with simultaneous recordings from 275 sensors. Due to high the spatial 
resolution, mathematical models allow localizing the sources of magnetic 
activity in the brain with millimeter precision. While mathematical models can 
determine the magnetic field strength as projected on the MEG sensors by a 
dipole source of known strength, location and orientation, inverse methods 
based on these models allow determining the location, orientation and strength 
of a dipole source from the magnetic activity recorded by MEG sensors. 
However, due to multiple dipole sources such inverse methods do not uniquely 
determined a solution and require additional mathematical constraints based on 
prior knowledge in order to obtain a unique solution. Furthermore, the accuracy 
of determining the location, orientation and strength of a dipole source depends 
on these additional mathematical constraints. 
After recording MEG, to determine the anatomical location of the brain 
activity as determined using the inverse solution requires co-registration with 
individual’s brain anatomy. Thus, during MEG recordings, head location is 
digitized and monitored using head coils attached to nasion and pre-auricle 
fiducial points. 
1.2 Brain Oscillations: A feature representing brain states 
Brain oscillations reflect fluctuations in the activity of neuronal ensembles. 
Hans Berger made the first report of brain oscillations in 1929 by recording 
electrical activity from the scalp (Berger, 1929). Since then technological 
advances have not only improved recording of brain oscillations but also 
introduced novel techniques like magnetoencephalography (MEG) that can 
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measure fluctuations in magnetic activity originating from the brain. Such a 
brain imaging technique allows associating ongoing brain oscillations with 
various cognitive functions. Furthermore, clinical observations could associate 
brain oscillations in various frequency bands to diverse brain functions (Tatum, 
2014). 
 Delta oscillations: 0 – 4 Hz 
Delta oscillations are large amplitude oscillations that are 
predominant during sleep in humans. Delta oscillations predominantly 
originate from thalamus and cortex (Neske, 2016). Brain functions like 
regulation of hormone release such as growth hormone, prolactin and 
thyroid stimulation hormone are associated with delta oscillations 
(Brandenberger, 2003).  
Various neurological disorders have also been associated with 
aberrant alterations in delta oscillations. For example, disruption of delta 
oscillations during sleep is observed in people suffering from dementia, 
schizophrenia and Parkinson’s disease (Kryzhanovskiĭ et al. 1990).  
 
 Theta oscillations: 4 – 8 Hz 
Jung & Kornmüller (1938) first observed theta oscillations in rabbits. 
As the function role of theta oscillations remained unclear, the interest of 
the scientific community in theta band oscillations continued to grow. It 
was only in 1972 when Landfield et al. correlated observation of theta 
oscillations with memory of foot shocks in rats. Since then, numerous 
studies suggested the relevance of theta oscillations for different kinds of 
learning and memory processes.  
Existence of theta oscillations in humans was a matter of debate until 
recently (Klimesch et al. 1994, Tesche et al. 2000). Since then, 
numerous studies have linked theta oscillations to various brain functions 
in humans. Many studies have reported an increase in power of theta 
oscillation while engaging in cognitive tasks (Burgess et al. 2000, Gevins 
et al. 1997, Krause et al. 2000). Also, theta oscillations have been 
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observed during rapid eye movement sleep stage in humans and are 
linked to consolidation of memory (Diekelmann et al. 2010). 
Various neurological disorders have been associated with aberrant 
alterations in theta oscillations. For example, people suffering from 
disorders like major depressive disorders, schizophrenia and Alzheimer’s 
disease that reveal deficits in memory related brain functions show 
reduction in amplitude of theta oscillation (Basar et al. 2008). 
 
 Alpha oscillations: 8 – 14 Hz 
Hans Berger first reported alpha oscillations in 1931. Berger observed 
increase in amplitude of alpha oscillations over the occipital brain areas 
while human participants closed their eyes. In addition, alpha oscillations 
originating from sensory or motor cortex are associated with voluntary 
control of movement (Arroyo et al. 1993). Apart from wakeful state, alpha 
oscillations occur during sleep (Cantero et al. 2002). While sleeping, 
alpha oscillations occur during rapid eye movement (REM) stage mainly 
due to combination of eye movement related motor component and 
dreaming related occipital component. 
Various neurological disorders have been associated with aberrant 
alterations in alpha oscillations. For example, patients suffering from 
bipolar disorders, schizophrenia and Alzheimer’s disease show reduction 
in amplitude of alpha oscillation (Basar et al. 2012). 
 
 Beta oscillations: 15 – 30 Hz 
Hans Berger first reported beta oscillations along with alpha 
oscillations in 1931. Berger observed an increase in amplitude of beta 
oscillations during eyes open compared to eyes closed in humans. 
However, currently beta oscillations are more commonly associated with 
muscle contractions and originate from sensory-motor cortex (Baker, 
2007, Lalo et al. 2007). Apart from contraction of muscles, increase in 
amplitude of beta oscillations is also associated with suppression of 
movement (Pfurtscheller, 1981). However, the most pronounced 
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increase in power of beta oscillations occurs shortly after termination of 
voluntary movement (Pfurtscheller, 1981). More recently, Hanslmayr 
(2014) showed that interrupting desynchronization of beta oscillations 
originating from prefrontal cortex impairs memory formation.  
Various neurological disorders have been associated with aberrant 
alterations in beta oscillations. For example, patients having bipolar 
disorders, Alzheimer’s disease show reduction in power of beta 
oscillation (Basar et al. 2012). Patients suffering from Parkinson’s 
disease show pronounced increase in power of beta oscillations (Brown 
et al. 2001). 
 
 Gamma oscillations: 30 – 90 Hz 
Jasper & Andrews (1938) first used the term gamma waves to 
designate low-amplitude beta-like waves at 35 – 45 Hz. They recorded 
gamma oscillations from the cortex of epileptic patients. Since then 
several studies have linked gamma oscillations to various cognitive 
processes such as attention, arousal, language perception and object 
recognition (Herrmann et al. 2004). However, gamma oscillations are not 
uniquely associated only with above mentioned brain functions. Gamma 
oscillations are occurring across the whole brain. The widely accepted 
function of gamma oscillations is binding of different neuronal 
populations to form a network for performing cognitive or motor functions 
(Niedermeyer et al. 2004). 
Various neurological disorders have been associated with aberrant 
alterations in gamma oscillations. In disorders like attention deficit 
hyperactivity disorder (ADHD) and epilepsy, an increase in amplitude of 
gamma oscillations occurs. Whereas in case of Alzheimer’s disease, 
autism, migraine, stroke and brain injury, a decrease in power of gamma 
oscillations occurs (Arroyo et al. 1992, Yordanova et al. 2001, Ribary et 
al. 1991, Grice et al. 2001, Hall et al. 2004, Molnár et al. 1997, Thornton, 
1999). 
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Even though, there are abundant studies investigating fluctuations in brain 
oscillations, the role of brain oscillations in performing cognitive tasks remains 
still obscure. Thus, perturbing ongoing brain oscillations in a specific frequency 
band while performing cognitive tasks and subsequently correlating the 
perturbations with task performance can reveal certain roles of brain 
oscillations. One of the most promising methods for perturbing brain oscillations 
is by applying transcranial electric stimulation as described below. 
1.3  Transcranial Electric Stimulation 
During transcranial electric stimulation (tES), weak electrical currents are 
applied across the brain to stimulate neurons and modulate various brain 
functions. Neurons maintain electrochemical gradients across the neuronal 
membrane, which are essential for transmission of information across neurons. 
Neurons are susceptible to various forms of external stimulations that can alter 
the electrochemical gradients maintaining the membrane potential across 
neurons. In-vitro experiments demonstrate neuronal membrane potential can be 
dynamically altered by externally applying electric currents (Hodgkin et al. 
1952). Application of weak electric currents induces sub-threshold alterations of 
neuronal resting membrane potential that can modulate functional response of 
neurons to external stimuli (Kuo et al. 2015).  
Usually tES is applied for few minutes by passing electric currents in order of 
milliamperes through the stimulation electrodes attached to the scalp. Unlike 
classical electro convulsive therapy that applies electrical currents in order of 
one ampere magnitude and cause extreme discomfort, tES applied in 
milliampere range might cause only mild headache, itching and tingling 
sensations felt under the stimulation electrodes by the receiver (Been et al. 
2007). The only disadvantage of such sensations in research is that the receiver 
is aware of tES, which might trigger a placebo effect. Nevertheless, a rhythmic 
variant of tES, the transcranial alternating current stimulation (tACS) can perturb 
brain oscillations at frequency of the applied rhythmic stimulation as described 
below. 
      
Bankim Subhash Chander 
 
7 
 
Transcranial Alternating Current Stimulation (tACS) – tACS is usually 
applied as oscillatory current with alternating polarity, resembling a 
sinusoidal wave. It is possible to alter excitability of motor cortex by 
applying tACS within beta band at 20 Hz (Feurra et al. 2011). tACS when 
applied within theta band at 5 Hz, alpha band at 10 Hz and gamma band 
at 40 Hz over the motor cortex did not change cortical excitability (Feurra 
et al. 2011), thus demonstrating that tACS can induce frequency specific 
modulation in cortical excitability. Computational modeling and human 
experiments have shown that tACS can increase power of brain 
oscillations at the frequency of applied stimulation (Ali et al. 2013, 
Helfrich et al. 2014). 
Application of tACS can also alter receiver’s performance in cognitive 
tasks. tACS when applied over motor cortex at a frequency within beta 
band slows voluntary movement (Pogosyan et al. 2009, Joundi et al. 
2012). Whereas, tACS when applied over motor cortex within gamma 
band at 70 Hz accelerates voluntary movements (Joundi et al. 2012). 
Apart from execution of motor functions, tACS can also modulate 
performance in memory tasks. After receiving tACS in theta band, 
receivers could remember more items in a recall by memory task 
(Jausovec et al. 2014).  
Studying the mechanisms of tACS induced cognitive enhancements 
remained challenging as artifacts from tACS impedes investigating the 
recordings of brain activity acquired during tACS. However, the recording of 
brain signals is essential for revealing the mechanisms of tACS mediated 
cognitive enhancements. A solution to this problem at least to a certain extent is 
a novel tACS paradigm, the amplitude modulated tACS (tACSAM) as described 
below. 
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1.4  Publication 1: Mapping entrained brain oscillations during 
transcranial alternating current stimulation (tACS) 
This publication describes tACSAM as a novel method for interacting with 
brain oscillations and simultaneous assessment of brain activity during tACS by 
applying the strategy proposed by Soekadar et al. 2013. tACSAM is applied as 
tACS at a carrier frequency beyond the physiological frequencies of interest and 
the amplitude of the applied tACS signal is modulated at the physiological 
frequency of interest (Witkowski et al. 2016). The rationale of testing tACSAM for 
perturbing brain oscillations originates from amplitude modulated peripheral 
nerve stimulation for evoking somatosensory potentials (Noss et al. 1996). 
When amplitude modulated electric currents were applied to median nerve, the 
stimulation noise was observed at high carrier frequency while allowing 
recovery of somatosensory evoked potentials. Furthermore, the frequency 
spectrum showed increase in power at the modulation frequency only from the 
electroencephalography (EEG) recorded over the somatosensory cortex 
contralateral to the stimulated peripheral nerve (Noss et al. 1996). This 
observation confirms that neurons are responsive to the modulation signal of 
the applied amplitude modulated stimulation. Based on this report, we 
suspected that neurons might be responsive to the modulation signal of the 
applied tACSAM signal. Thus, the main advantage of tACSAM over classical 
tACS is that the stimulation noise is concentrated around the carrier frequency. 
This allows assessment of brain activity during tACSAM with low stimulation 
noise in the physiological frequencies of interest compared to tACS while 
neurons respond to modulation frequency.  
To extract and localize brain activity with millimeter precision from MEG 
recordings acquired tACSAM, adaptive spatial filtering technique, the synthetic 
aperture magnetometry (SAM) is applied (Robinson, 1999, Soekadar et al. 
2013). While it was possible to extract self-paced finger movement related brain 
activity with high fidelity, the quantification of the tACSAM-induced perturbations 
of brain oscillations required another metric. As power changes due to tACSAM 
were concentrated at the carrier frequency and were not statistically detectable 
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in the physiological frequencies, there was a need to test other metrics 
independent of power to quantify the physiological effects of tACSAM.  
As tASCAM induced power changes are not detectable in the physiological 
frequencies, we assessed phase changes induced by tACSAM to quantify 
synchronization of ongoing brain oscillation to the applied stimulation in the 
physiological frequencies of interest. The process of synchronizing brain 
oscillations to the applied rhythmic stimulation such as tACSAM is entrainment 
(Thut et al. 2011). While entrainment might be one of the mechanisms of 
interacting with ongoing brain oscillations, the feature of brain oscillations, such 
as amplitude or phase, showing tACS-induced modulation was unknown. 
Helfrich et al. (2014) showed phase entrainment of brain oscillations using the 
EEG recordings acquired from close proximity to the applied tACS at 10 Hz 
over occipital cortex.  
Even though effects of tACS-entrainment on brain activity has been shown 
using EEG, it was not possible to record brain activity at the site of tACS over 
the scalp. Therefore, it remains a challenge to estimate brain oscillations from 
the brain region targeted for stimulation with EEG recordings. Simultaneous 
MEG recordings during tACSAM not only made it possible to record brain 
physiological activity below the stimulation electrode but also to estimate 
stimulation-related PLV increase (Lachaux et al. 1999) with millimeter precision. 
It remained open, however, to what degree this PLV increase relates to neural 
entrainment. Also, it remained unclear whether purposeful entrainment of brain 
oscillations can manipulate performance in a cognitive task. To establish 
entrainment dependent manipulation of performance in a cognitive task, we 
applied tACSAM while the receivers were engaging in a working memory task. 
1.5  Working Memory 
Working memory (WM) is associated with temporary storage and processing 
of information, which is essential for performing complex cognitive tasks such 
as mental calculations, language comprehension, learning and reasoning. 
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According to the model of WM proposed by Baddeley (2000), WM is 
categorized into the following three subcomponents. 
 Central executive – This subcomponent of WM is responsible for 
controlling attention. Additionally, this subcomponent suppresses 
irrelevant information and coordinating between multiple cognitive tasks 
when performed at the same time. 
 Visuospatial sketchpad – This WM subcomponent is usually 
associated with processing of visual images. Visual sketchpad is further 
classified into visual and spatial components. The visual component 
processes shape, color and texture related information, whereas the 
spatial component processes information related to the location, 
orientation and movement in space. 
 Phonological loop – This WM subcomponent associated with 
processing of speech and language. All forms of auditory and verbal 
information are processed through the phonological loop. Even language 
information in form of images is also transferred into the phonological 
loop through silent articulation. 
One of the cognitive tasks to assess WM performance is an n-back task. 
Wayne Kirchner first introduced N-back task in 1958. During an n-back task, a 
continuous sequence of sensory stimuli is presented to a participant and the 
participant has to indicate when the currently perceived stimulus matches with 
the nth previous stimulus. Here ‘n’ refers to the number of stimulus to remember 
during the n-back task and the difficulty level of n-back task increases by 
increasing the ‘n’. In an n-back task all the above mentioned component of WM 
are active at the same time. Central executive function keeps a record of the 
sensory stimuli while the participant relies on the visuospatial sketchpad and the 
phonological loop to recall and update the sensory stimuli.  
While performing an n-back task, an increase in power of frontal midline 
theta (FMT) oscillations (4 – 8 Hz) originating from medial prefrontal cortex 
(mPFC) was reported (Brookes et al. 2011). The power increase of theta 
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oscillations is also related with the increase in n-back task difficulty (Brookes et 
al. 2011). In addition, 6 Hz tACS of healthy volunteers could influence reaction 
times in WM task but did not alter the WM task accuracy (Polanía et al. 2012). 
Atypical alterations of theta oscillations have been linked to WM deficits in 
various psychiatric disorders such as bipolar disorder, schizophrenia, attention 
deficit hyperactivity disorder (ADHD) and dementia associated with Alzheimer 
disease (Ozerdema et al. 2012, Doege et al. 2010, Lenartowicz et al. 2014, 
Yener et al. 2007). Such WM deficits that are associated with theta oscillations 
can be compensated by externally applying various forms of brain stimulations. 
For example, WM task performance of depressed patients improved after 
receiving tACS at a frequency within theta band (Jaušovec et al. 2014, 
Jaušovec et al. 2014). Hence, WM served as the most appropriate cognitive 
function to study purposeful manipulation by tACSAM mediated entrainment of 
FMT oscillations. 
1.6  Publication 2: tACS phase locking of frontal midline theta 
oscillations disrupts working memory performance 
This publication focuses on purposefully entraining FMT oscillations to study 
whether tACSAM mediated entrainment can modulate a cognitive function 
associated with FMT oscillations such as working memory. We applied tACSAM 
modulated at individual’s theta peak frequency while engaging them in an n-
back task. Engaging in an n-back task increases the power of FMT oscillations 
and the phase of the FMT oscillations encodes the temporal order of stimulus 
presented (Brookes et al. 2011, Axmacher et al. 2010). Furthermore, to perform 
the n-back task hippocampus regulates the phase of FMT oscillations in order 
to suppress competing cortical representations of the sensory stimuli presented 
in n-back task (Gordon, 2011, Norman et al. 2007). Thus, manipulating phase of 
the ongoing FMT oscillations through tACSAM-mediated entrainment would 
interfere with maintenance of temporal order information necessary for 
performing n-back task. 
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To test this hypothesis, 20 volunteers were invited to receive tACSAM 
modulated at each individual’s theta peak frequency while performing a 2-back 
task. The theta peak frequency was determined by analyzing MEG recordings 
acquired while familiarizing the volunteers to the 2-back task. Usually the 
performance on n-back tasks improves with practice. To control for any 
confound by learning, volunteers were randomly selected to receive either 
tACSAM or no stimulation while performing the 2-back task. Another confounding 
factor could be the sensations associated with the application of stimulation. 
However, participants were not able to identify whether they received tACSAM or 
not. Thus, placebo effects associated with tACSAM, could be ruled out and 
tACSAM can be regarded as a powerful tool to establish a link between 
performance on a cognitive task and the perturbed brain oscillation.   
Interestingly, apart from entrainment of FMT oscillations to the modulation 
frequency of the applied tACSAM, an inhibition of 2-back task related increase of 
FMT power occurred. Contrary to the expected increase in power of ongoing 
brain oscillations as observed while applying tACS, application of tACSAM 
resulted in inhibition of n-back task related power of FMT oscillations.  
Furthermore, as hypothesized, there was a decrease in the accuracy on the 2-
back task as the tACSAM inhibited the power increase of FMT oscillations.  
Summarizing, tACSAM was not only associated with increased PLV under 
the frontal stimulation electrode in close proximity, but also modulated 
performance in an n-back task. However, identification of the exact mechanism 
causing inhibition of n-back task related increase in power of FMT oscillations 
would require further investigation. We speculate as hippocampus drives the 
phase of the FMT oscillations, entrainment of FMT oscillations to phase of the 
applied tACSAM signal envelope would interfere with hippocampus-driven 
endogenous phase regulation of FMT oscillations and prevent FMT power 
increase related to suppression of competing cortical representations. 
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1.7 Limitations of simultaneous assessment of MEG recordings during 
tACS 
Even though it was possible to modulate performance in a cognitive task 
and observe simultaneous entrainment of FMT oscillations, it is not possible to 
conclude full suppression of tACSAM artifacts with complete certainty. Neuling et 
al. (2015) suggested the recovery of brain activity from MEG recordings 
acquired during tACS and complete suppression of tACS noise by applying 
spatial filters based on beamforming algorithms. However, Karsten et al. (2018) 
showed non-linearities in the stimulation setup induce artifacts associated with 
demodulation of tACSAM signal. In addition, Noury et al. (2017) reported steady 
phase shifts in the MEG recordings due to such modulations of the tACS signal. 
Thus, it might seem possible to attenuate tACSAM artifact at the modulation 
frequency while recording MEG by implementing advanced spatial filtering 
algorithms based on beamforming techniques, but certainly distinguishing brain 
activity from tACSAM artifact at the modulation frequency is not possible. The 
presence of undetectable residual artifact from tACSAM in MEG recordings 
cannot be eliminated. Therefore, the following publication shows functional 
interaction of tACSAM signal with neurons in the brain apart from only 
demodulation due interaction with biological membranes. 
1.8  Publication 3: Amplitude-modulated transcranial alternating current 
stimulation (tACS) during magnetoencephalography (MEG): An 
update 
In this publication, sources of linear and non-linear stimulation artifacts are 
described (Karsten et al. 2018, Noury et al. 2016) and validity of phase-locking 
value (PLV), a well-established measure to estimate neural entrainment, further 
tested. For this purpose, comparison between human brains and a melon 
phantom was performed while tACS or tACSAM was applied. It was suggested 
that a melon can be considered an appropriate model for human head without 
neurons (Neuling et al. 2017). The concentric tissue layers with different 
electrical properties resemble different tissue layers of the human head. 
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Following the assumption that melon phantom has only passive electrical 
properties, the power at the tACSAM modulation frequency is due to the 
demodulation by non-linear interaction with biological tissue and is referred to 
as power leakage. In case of human brains, in addition to power leakage, neural 
entrainment contributes to power increase at the modulation frequency. 
Therefore, the ratio of power at the modulation frequency and the carrier 
frequency of tACSAM signal was compared between human brains and melon 
phantom. A higher ratio for human brain compared to melon phantom would 
indicate an additional contribution of neural entrainment to the power leakage. 
Apart from the power spectral analysis, a PLV analysis revealed larger 
increase in PLV for tACSAM compared to tACS for human brain. In comparison, 
the PLV for melon phantom during tACSAM and tACS are approximately the 
same. Even though the power of tACSAM at the modulation frequency is lower in 
comparison to tACS, a larger PLV at modulation frequency underlines the 
independence of power and phase. It remains unclear whether the observed 
increase in power and PLV at the modulation frequency is possibly a 
combination of demodulations induced by non-linearities in the stimulation 
circuit and neural entrainment. Further investigations are essential to 
disentangle the contributions of demodulation due to nonlinearities of the 
stimulation setup and functional interactions of stimulation current with neurons. 
1.9 Summary 
Even though it is possible to perturb ongoing brain oscillations through 
various brain stimulation methods, the assessment of brain oscillations during 
brain stimulation remains a challenge due to stimulation-induced artifacts. As 
the artifacts associated with brain stimulation methods are concentrated in the 
frequency range of the brain oscillations to be perturbed, the recovery of brain 
activity and the quantification of the induced perturbations remain difficult. 
 Application of tACSAM allows concentrating the stimulation artifact in the 
frequency range beyond the physiological frequencies of brain oscillations 
intended for perturbations. Therefore, assessment of brain activity acquired 
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during tACSAM while perturbing ongoing brain oscillations is possible. 
Furthermore, advanced spatial filtering algorithms allow estimation of induced 
perturbation with millimeter precision from MEG recordings acquired during 
tACSAM. In addition, applying tACSAM can purposefully perturb brain oscillations 
through entrainment and modulate performance of the cognitive function 
associated with the entrained frequency. For example, applying tACSAM 
modulated at each individual’s theta peak frequency entrains FMT oscillations 
and interferes with maintenance of temporal order information in a working 
memory task. Thus, tACSAM has the potential to serve as a novel tool for 
perturbing ongoing brain oscillations through entrainment and modulating the 
performance of cognitive functions associated with entrained brain oscillations, 
while allowing assessment of entrained brain oscillations. 
 While the presented data suggest tACSAM-mediated entrainment of brain 
oscillations, established measures to quantify such entrainment, e.g. PLV, must 
be interpreted with caution. The combination of non-linearities in the stimulation 
circuit and possible functional interactions with neurons demodulate the tACSAM 
signal and contribute both towards an increase in power and neural 
entrainment. The characterization of demodulation induced by each component 
would possibly allow for reliable quantification of neural entrainment in the 
future.  
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2.1.  Mapping entrained brain oscillations during transcranial 
alternating current stimulation (tACS) 
      
Bankim Subhash Chander 
 
18 
 
      
Bankim Subhash Chander 
 
19 
 
      
Bankim Subhash Chander 
 
20 
 
      
Bankim Subhash Chander 
 
21 
 
      
Bankim Subhash Chander 
 
22 
 
      
Bankim Subhash Chander 
 
23 
 
      
Bankim Subhash Chander 
 
24 
 
      
Bankim Subhash Chander 
 
25 
 
      
Bankim Subhash Chander 
 
26 
 
      
Bankim Subhash Chander 
 
27 
 
  
      
Bankim Subhash Chander 
 
28 
 
2.2. TACS phase locking of frontal midline theta oscillations disrupts 
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2.3. Amplitude-modulated transcranial alternating current stimulation 
(tACS) in magnetoencephalography (MEG): An update  
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Abstract 
Transcranial alternating current stimulation (tACS) is a non-invasive and 
well-tolerated technique to influence brain function. The direct effects of tACS 
on brain oscillations are not well understood as simultaneous recordings of 
neural activity, e.g. using magnetoencephalography (MEG), that could shed 
light on the underlying mechanisms, are contaminated by stimulation artifacts. 
Recently, a novel tACS stimulation protocol was introduced using amplitude 
modulation (tACSam) reducing contamination of MEG recordings at physiological 
frequency bands of interest (i.e., 2 – 90 Hz) (Witkowski et al. 2016). However, 
artifacts induced by non-linearities of the stimulation setup and related to the 
demodulation of the tACSam signal remain a critical challenge (Karsten et al. 
2018). Here we investigated the difference in power and phase locking value 
(PLV) across both a melon phantom and human head during tACS and tACSam. 
MEG data of 6 healthy volunteers (4 male, 2 female, age 27.7±3.5 years) and a 
melon phantom were recorded during tACS or tACSam. We found that the PLV 
increase in the phantom model was comparable between both stimulation 
protocols despite higher power at the target frequency during tACS. When 
recording MEG in healthy volunteers during tACSam and tACS, PLV was 
significantly higher during tACSam compared to tACS. This indicates 
demodulation of the tACSam signal at the target frequency, possibly due to the 
demodulation properties of neural tissue. More studies are needed to further 
investigate possible biological and behavioral effects of tACSam.   
Introduction 
Over the last two decades, transcranial electric stimulation (TES) became a 
widely adopted tool to modulate brain function and behavior. In TES, two or 
more stimulation electrodes are attached to a person’s head delivering a weak 
and well-tolerable stimulation current (Gandiga et al. 2006, Matsumoto and 
Ugawa 2017). Depending on the direction and waveform of the stimulation 
current, various forms of TES can be distinguished, e.g. transcranial direct 
current stimulation (tDCS), transcranial alternating current stimulation (tACS) or 
random noise stimulation (RNS). Despite its broad application, strong 
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electromagnetic artifacts impede online assessment of TES due to 
contamination of MEG recordings.  Recently, a novel strategy combining TES 
and magnetoencephalography (MEG) was introduced that allowed for in-vivo 
assessment of neuromagnetic brain oscillations during tDCS (Soekadar et al. 
2013, Garcia-Cossio et al. 2016). Using advanced spatial filtering based on 
beamforming, motor-related modulations of neuromagnetic activity could be 
reliably reconstructed.  
It was shown, however, that in case the direction of the stimulation current 
changes, as in tACS, beamforming does not sufficiently suppress stimulation 
artifacts (Noury et al. 2016). As the stimulation frequency in tACS is usually set 
to match the frequency of brain oscillations found to be related to a particular 
brain function (e.g., frontal theta, parietal beta etc.), insufficient suppression of 
the stimulation artifact at that frequency can be easily misinterpreted as 
neuronal response to the stimulation, e.g. neural entrainment.  
Recently, a novel tACS stimulation protocol was introduced using amplitude 
modulation (tACSam) reducing contamination of MEG recordings at physiological 
frequency bands of interest (i.e., 2 – 90 Hz) (Witkowski et al. 2016). In this 
protocol, the amplitude of a high-frequency stimulation signal (e.g., > 200 Hz, 
carrier signal) is modulated at a lower (envelope) frequency. Biological systems 
utilize amplitude modulation of brain oscillations for neural transmission and 
processing in the somatosensory (Lundstrom et al. 2010), visual (Grosof et al. 
1993, Mareschal and Baker, 1998) or auditory systems (Giraud and Poeppel, 
2012). Therefore, tACSam signal is expected to interact with neurons in the 
brain. It was shown that tACSam mediated entrainment of frontal midline theta 
(FMT) oscillations known to be linked to cognitive brain functions and disrupted 
working memory performance (Chander et al. 2016). While an increasing 
number of studies suggest that tACSam can be used to effectively target brain 
oscillations (Negahbani et al. 2018), it remained unknown to what extent tACSam 
can induce entrainment related power increases in EEG or MEG associated 
with demodulation of the tACSam signal compared to tACS. This raises the 
question whether measures broadly used to quantify neural entrainment, i.e. 
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phase lock between the stimulation signal and ongoing brain oscillations, such 
as phase locking value (PLV) actually reflect functional interaction of tACSam 
with neurons. 
Currently, there is no standardized and accepted artifact rejection method 
that prevents deterioration of MEG recordings in the physiological frequency 
bands of interest (i.e., < 90 Hz) during tACSam. Improving artifact rejection 
methods for MEG would allow non-invasive assessment of magnetic oscillations 
originating in the brain below the stimulation electrodes with good temporal and 
spatial resolution. Recently, the non-linearity in components of stimulation 
setups, essentially the stimulator device and the stimulation circuit were found 
to induce artifacts related to the demodulation of the tACSam signal (Karsten et 
al. 2018). Besides non-linearity of the stimulation setup, other non-linear 
components, including biological membranes (Silny, 2007), can influence the 
level of tACSam signal demodulation. Particularly, development of new 
stimulators reducing non-linear interactions with MEG data in the frequencies of 
interest (FOI) might pave the way to successfully unveil the mechanisms 
underlying TES effects. 
Here we investigated the difference in power and phase locking value (PLV) 
across both a melon phantom and human head during tACS and tACSam. As 
has been shown in previous studies, amplitude-modulated current stimulation, 
using a voltage controlled electrical stimulator, tend to result in slightly distorted 
stimulation signals (Karsten et al. 2018). Distortions of the stimulation signal 
due to non-linearities of the electronics result in spectral components of the 
tACSam signal in the frequency band of the modulation frequency and its 
harmonics. Therefore, tACSam does not provide a neuronal stimulation that is 
completely free of any contamination of the physiological frequency bands by 
artifacts. In order to quantify demodulation of the tACSam-envelope signal, we 
contrasted tACSam stimulation of human brains with a melon phantom, and 
compared these results with MEG data recorded during tACS. The melon 
phantom is like a human head an electrical volume conductor with a layered 
structure of varying conductivities except that it does not have any neuronal 
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tissue (Neuling et al. 2017). Given that in tACSam the stimulation energy is 
directed at a very high frequency usually far beyond the physiological frequency 
bands of interest (> 200 Hz) and only little activity leaks into the lower frequency 
band, we expect that in the melon a relatively small portion of the total activity 
appears in the frequency band of the modulation. In case of human brains, 
apart from the activity leaking to the lower frequencies, additionally neural 
entrainment contributes to power increase at the modulation frequency. 
Moreover, we expected if neural entrainment occurs, that both tACSam and 
tACS should be associated with a difference in PLV for human volunteers. 
Since neural entrainment for phantom model is not possible, comparable PLV 
for tACSam and tACS are expected. 
MATERIALS AND PROCEDURES 
Study participants 
Six healthy volunteers (Age: M = 27.7, SD = 3.5 years, 2 females) without a 
history of neurological or psychiatric disorders were invited to participate in the 
study. The participants were comfortably seated for recording MEG signals. The 
study was approved by the ethics committee of the Medical Faculty at the 
University of Tübingen (401/2012BO1). Before entering the study, written 
informed consent was obtained by all participants.  
Melon Phantom 
A melon phantom with a mean circumference of 42 ± 1 cm was selected for 
the study. The melon was placed over a plastic stand and three positions for 
attaching the head coils were marked at along the circumference consecutively 
at a distance of one fourth of the circumference. 
Whole-head Magnetoencephalography (MEG) 
Neuromagnetic activity was recorded using a 275-sensor whole-head MEG 
system (CTF MEG® by MISL, Coquitlam, BC, Canada) housed in a 
magnetically shielded room (Vakuumschmelze GmbH, Hanau, Germany).  MEG 
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recordings were digitized at the sampling frequency of 3906.25 Hz and 
bandwidth of 0 – 976 Hz. Third order synthetic gradiometer configuration was 
used to attenuate environmental noise. Before MEG recordings, three fiducial 
localization coils were placed at the nasion, left and right pre-auricular area to 
determine the participant’s head or phantom head position during the MEG 
recording. Coil positions were continuously recorded and locations stored to 
allow for offline co-registration with T1-weighted MR images of participants. 
During MEG recording, participants were asked to rest and minimize head and 
body movements to avoid movement artifacts. MEG signals were recorded 
while participants received tACS and tACSam for 240 seconds each as shown 
below in figure 1. 
Study design 
Each study block consisted of two consecutive MEG recording of 240 
seconds each. During first and second MEG recordings tACS and tACSam was 
delivered respectively to the participant or melon (Figure 1). 
 
 
 
Figure 1: Study design for experiment. 
Transcranial electric stimulation (TES)  
Alternating current (AC) was applied using a commercial stimulator (DC-
STIMULATOR MR®, NeuroConn GmbH, Ilmenau, Germany). The battery-
driven stimulator device was located outside the magnetically shielded room 
housing the MEG system and delivered electric currents via a twisted pair of 
wires with an peak to peak intensity of 1 mA. A stimulation signal digitized at 24 
KHz was generated using a custom made Matlab script and streamed to the 
DC-STIMULTOR MR®’s remote input channel via National Instrument data 
acquisition card (NI-9264, National Instruments Corporation, Austin, USA). The 
tACS 
240s 
tACSam 
240s 
      
Bankim Subhash Chander 
 
49 
 
stimulator device linearly converted the input voltage into a corresponding 
stimulator output current (Stimulator transfer function: Input 1 V = Output 2 mA). 
The applied tACS signal was oscillating at 11 Hz and at 220 Hz (as in 
Witkowski et al. 2016) while the amplitude of stimulation signal was modulated 
at 11 Hz. Two radio-translucent stimulation electrodes were attached according 
to the international 10 – 20 system over electrode positions CP4 and O10. A 
conductive paste (Ten20®, D.O. Weaver, Aurora, CO, USA) was applied to the 
stimulator electrodes for maintaining impedance between the stimulating 
electrodes below 18 kΩ. 
Magnetic Resonance Imaging (MRI) 
Before the first MEG session, participants were invited for a cranial magnetic 
resonance (MR) imaging exam using a 3-tesla whole body scanner with a 32-
channel head coil (Magnetom Prisma syngo MR D13D, Siemens AG, Erlangen, 
Germany). To minimize head movements within the head coil, foam rubber was 
used to fixate the participant’s head. A T1-weighted structural scan of the whole 
brain was obtained using the sequence MPRAGE (matrix size = 256 x 256, 176 
partitions, 1 mm3 isotropic voxels, TA = 3:52 m, TR = 2300 ms, TE = 4.18 ms, 
flip angle = 9◦, FOVRO = 256, FOVPE = 224, PAT = 3, PAT mode = GRAPPA) 
that served as the anatomical reference for MEG source localization. 
Reconstruction of source activity 
Recorded MEG data was band-pass filtered between 2 Hz and 90 Hz using 
a 6th-order Butterworth filter and a notch filter with a width of 4 Hz (± 2 Hz) 
centered at 50 Hz, using a 20th-order FFT filter. Synthetic Aperture 
Magnetometry (SAM) beamforming was used for reconstruction of source 
activity (SA) (Robinson & Vrba, 1999). The covariance matrix for all following 
processing steps was estimated based on the entire time-series. The weights 
for each voxel were estimated using the covariance matrix. Source signals were 
reconstructed by multiplying the estimated weights and preprocessed MEG 
data. SA activity was estimated at 1 cm resolution on a regular 3D grid using a 
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single shell head model for human participants (Nolte, 2003). Voxels below the 
stimulation electrode were selected for subsequent analysis. 
Data analysis  
The power spectrum at a frequency resolution of 0.05 Hz was estimated as 
absolute value after Fast Fourier Transform (FFT) of the source activity by 
applying hanning window on 20 s epochs. The estimated power spectrum was 
transformed to decibel scale. The ratio of power between the modulation 
frequency and- the carrier frequency during tACSam was calculated at individual 
MEG sensors. A normal cumulative distribution test was performed to test 
whether the single power leakage value for melon belongs to the power ratio 
distribution of human brains. The PLV spectrum at a frequency resolution of 0.5 
Hz was estimated by computing PLV (as in Chander et al. 2016) between the 
stimulation signal and the source activity after applying a band pass filter with a 
band width of 1 Hz centered at the frequency of interest. During tACSam, PLV 
was estimated between the source activity and the envelope of the tACSam 
signal. To test for variation in PLV at target frequency during tACSam and tACS, 
a two-sided paired Wilcoxon signed-ranks test was performed. 
RESULTS 
Power Spectrum 
The power spectrum for the melon phantom during tACS shows a clear 
increase in power compared to adjacent frequencies at the stimulation 
frequency and its harmonics (Figure 2). There is also a power increase during 
tACSam at the modulation frequency but less compared to tACS as indicated by 
horizontal line (Figure 2). Further increases could be observed at the harmonics 
but less evidently (Figure 2).  
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Figure 2: Power spectral analysis for melon phantom showing increase in 
power at target frequency (11 Hz) during tACS (Blue) and tACSam (Red). The 
horizontal line hitting the peak of the tACS stimulation serves as reference to 
compare tACS and tACSam. 
The power spectrum for human brain during tACS and tACSam shows a clear 
increase in power compared to adjacent frequencies at the stimulation 
frequency and its harmonics (Figure 3). The observed increase in power for 
tACSam is lower compared to the tACS condition as indicated by the horizontal 
line (Figure 3).  
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Figure 3: Power spectral analysis for human brain showing increase in 
power at target frequency (11 Hz) during tACS (Blue) and tACSam (Red) along 
with SEM. The horizontal line hitting the peak of the tACS stimulation serves as 
reference to compare tACS and tACSam. 
While tACSam at 1 mA current was applied to human brains and melon 
phantom, the ratios of power between the modulation frequency and carrier 
frequency in percentage reveals ratios of 3.33 % for the melon phantom and on 
average 13.15 % for the six human participants. 
Furthermore, a normal cumulative function distribution test reveals that the 
ratio of power between the modulation frequency and carrier frequency for 
human brain (M = -8.81 dB, SD = 1.58 dB) is higher compared to melon (-14.77 
dB) (p < 0.001). This implies that power leakage for melon phantom is outside 
the two standard deviations from the mean of the normally distributed power 
ratio for human brains. 
PLV Spectrum 
The following PLV spectrums quantify the phase synchrony of the source 
activity below the stimulation electrode as observed in melon phantom and 
human brains. 
The PLV spectrum for the melon phantom shows similar PLV observed 
during tACS and tACSam across frequencies (Figure 4).  
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Figure 4: PLV spectrum for melon phantom showing increase in PLV at 
target frequency (11 Hz) during tACS (Blue) and tACSam (Red) 
The PLV spectrums for human brains show an increase in PLV values 
during tACS and tACSam compared to frequencies around the target frequency 
of 11 Hz (Figure 5).  
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Figure 5: PLV spectrum for human brain showing increase in PLV at target 
frequency (11 Hz) during tACS (Blue) and tACSam (Red) along with respective 
maximum and minimum for each frequency 
A two-sided paired Wilcoxon signed-ranks test reveals that PLV during 
tACSam (Mdn = 0.120) is higher compared to tACS (Mdn = 0.027) (Z = 21.00, p 
= 0.031, r = 8.57). 
Discussion  
We found that during tACSam and tACS, signal power and PLV at the target 
frequency increases. The contrast between human brain and melon phantom 
revealed differential effect for power and PLV. The power ratio between 
modulation frequency and carrier frequency was higher for human brain 
compared to melon implying entrainment in human brains in addition to the 
power leakage observed in melon phantom. PLV increase during tACSam was 
approximately four times larger in comparison to during tACS for the human 
brains. In contrast to human brains, for a melon phantom a stable PLV of 0.057 
during tACSam and tACS at the target frequency was found. This observation 
may suggest possible functional interaction of tACSam with biological tissue, 
including neuronal populations in the human brain. The increase of PLV during 
tACSam compared to tACS might be due to additional recruitment of neurons 
selectively responsive to the envelope of the amplitude-modulated stimulation 
signal (Middleton et al. 2006, Kawasaki & Guo, 1998)  
Since, the non-linearities of biological membranes and stimulation setup are 
capable of demodulating amplitude-modulated signals (Silny, 2007, Karsten et 
al. 2018), the PLV increase during tACSam at the modulation frequency 
compared to other frequencies is probably due to the combination of non-
linearities of the biological membranes and stimulation setup. Currently it is not 
possible to distinguish between the contributions of different non-linear 
components in the stimulation circuit towards demodulation of tACSam signal 
and associated increase in power and PLV. The non-linearities of the stimulator 
setup, attributed to the stimulator device and the stimulation circuit including the 
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biological tissue being stimulated are not expected to differ between 
subsequent experiments. Considering only the passive electrical properties of 
the stimulator setup, similarity in PLV between tACSam and tACS for human 
brains was expected but only observed for the melon phantom. In contrast, the 
variation observed in PLV between tACSam and tACS for the human brains 
cannot be explained only by considering passive electrical properties. If tACSam 
and tACS have non-linear interactions with only passive electrical properties, 
the amplitude of PLV for tACSam and tACS should not differ, as observed for the 
melon phantom. Even though the power at the target frequency is lower for 
tACSam than for tACS, a stronger increase in PLV for tACSam compared to tACS 
was found. This suggests that tACSam is associated with demodulation at the 
target frequency, possibly due to demodulations by biological tissue including 
neuronal pools.  
It remains to be tested to what extend tACS is more suitable for modulating 
power and tACSam for modulating phase. This is particularly interesting for 
intermittent stimulation paradigms where stimulation is applied repeatedly for 
short intervals that do not require assessment of brain activity during 
stimulation. Under the assumption, that changes in electrical properties of the 
stimulation circuit including the non-linearities can be minimized or even 
eliminated, it would be possible to develop brain state dependent stimulation 
paradigms that can confirm entrainment dependent physiological effects (Thut 
et al. 2017, Soekadar et al. 2013). 
Technical interventions to attenuate artifacts related to demodulation of the 
tACSam signal due to the hardware should be further explored. For example, 
introducing band-pass hardware filters centered at the carrier frequency to the 
stimulation setup could be an option to suppress the artifacts in the modulation 
frequency range. Another technical intervention could be introducing a low-pass 
hardware filter before the MEG amplifier to attenuate recording of tACSam signal 
and potentially avoid any demodulation due to recording hardware (Kasten et al. 
2018). Further improvement in stimulation setup possibly by introducing 
auxiliary stimulation circuit that measure deviations from the programmed 
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stimulation waveform and inject compensatory currents would improve 
assessment of non-linear interactions with neurons. More studies are needed to 
further investigate possible biological and behavioral effects of tACSam.   
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2.4. Unpublished work 
The phase lock value (PLV) is not affected by linear phase distortions 
induced by transcranial alternating current stimulation (tACS)  
Entrainment of brain oscillations to the applied transcranial alternating 
current stimulation (tACS) is calculated using phase lock value (PLV) (Helfrisch 
et al. 2014, Witkowski et al. 2016, Chander et al. 2016). 𝑃𝐿𝑉  estimates 
synchronization between two signals, for example the tACS signal and the 
ongoing brain oscillation as a function of instantaneous phase difference 
between the signals. 
Noury and Siegel (2017) showed that application of tACS induces steady 
phase deflections in all MEG sensors relative to the phase of the applied tACS 
signal. These steady phase distortions project from sensors to the source 
activity (SA) at location 𝑟  in the brain while estimating source activity by 
multiplying beamformer weights with the sensor signal. However, steady phase 
shifts do not affect 𝑃𝐿𝑉 estimation as shown below. 
Let 𝑏(𝑛) be the magnetic field measured by MEG sensors at a discrete time 
point 𝑛 represented as a column vector, 
 𝑏(𝑛) = [
𝑏1(𝑛)
⋮
𝑏𝑀(𝑛)
] 
(1) 
where, the magnetic field as measured by 𝑚𝑡ℎ sensor is given as  𝑏𝑚(𝑛) and 
𝑀 is the total number of MEG sensors. 
The Hilbert transform (𝑌(𝑛)) of a discrete time series signal is expressed in 
polar form as, 
𝒀(𝒏) = 𝑨(𝒏) ∗ 𝒆−𝒊𝜱(𝒏) 
(2) 
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where, 𝐴(𝑛)  is the amplitude and 𝛷(𝑛)  is the instantaneous phase at a 
discrete time point 𝑛. 
By substituting equation (2) in (1), the Hilbert transform of magnetic fields 
(𝑌𝑏(𝑛)) measured by MEG sensors can be expressed as,  
𝒀𝒃(𝒏) = [
𝑨𝟏(𝒏) ∗ 𝒆
−𝒊𝜱𝟏(𝒏)
⋮
𝑨𝑴(𝒏) ∗ 𝒆
−𝒊𝜱𝑴(𝒏)
] 
(3) 
The Hilbert transform of magnetic field at source ?̂?(𝑟, 𝑛)  located at 𝑟  at 
discrete time 𝑛 is given as  
𝒀?̂?(𝒓, 𝒏) =  𝝎
𝑻(𝒓)𝒀𝒃(𝒏) 
(4) 
where, 𝜔(𝑟) is the column vector consisting of a constant weight for each 
sensor for a tACS signal at a fixed frequency. 
Since, sum of multiple sine waves of the same frequency but different 
amplitudes can be represented as a single sine wave of the same constant 
frequency with a phase shift, the source activity estimated at a constant 
frequency (for example the tACS frequency) from weighted sum of sensors 
activity can be represented with a constant phase shift as shown below.  
𝒀?̂?(𝒓, 𝒏) =  𝝎
𝑻(𝒓)𝒀𝒃(𝒏) = 𝑨𝑺(𝒏) ∗ 𝒆
−𝒊(𝜱?̂?(𝒏)+𝜱) 
(5) 
where, 𝑨𝑺 is the amplitude of the source activity and 𝛷 is the constant phase 
shift.  
As shown by Noury and Siegel (2017), tACS induces steady phase 
deflection for each sensor, thus phase of each sensor ( 𝛷𝑚(𝑛) ) can be 
represented as a sum of phase due to brain activity (𝛷𝐵𝐴,𝑚(𝑛)) and constant 
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phase shift induced by tACS (𝛷𝑡𝐴𝐶𝑆,𝑚). Thus during tACS, the resultant phase of 
the source activity at location 𝒓 can be represented as the sum of the phase 
deflection due to the brain activity and the tACS signal as shown below. 
𝜱𝑺𝑨(𝒓, 𝒏) =  𝜱𝑩𝑨(𝒓, 𝒏) + 𝜱𝒕𝑨𝑪𝑺(𝒓) 
(6) 
where, 𝛷𝐵𝐴(𝑟, 𝑛) is the resultant phase deflection due to brain activity and 
𝛷𝑡𝐴𝐶𝑆(𝑟) is the resultant phase deflections due to tACS induced constant phase 
deflections for all sensors. 
The 𝑃𝐿𝑉(𝑟) between source activity at location 𝒓 and the applied tACS is 
calculated as  
𝑷𝑳𝑽(𝒓) =
𝟏
𝑵
|∑ 𝒆𝒊(𝜱𝑺𝑨(𝒓,𝒏)− 𝜱𝒔𝒕𝒊𝒎(𝒏))
𝑵
𝒏=𝟏
| 
(7) 
where, 𝑁  is the number of discrete samples in the time series signal. 
𝛷𝑆𝐴(𝑟, 𝑛) is the instantaneous phase of the source activity (?̂?(𝑟, 𝑛)) originating 
from location 𝑟 and 𝛷𝑠𝑡𝑖𝑚(𝑛) is the instantaneous phase of tACS signal. 
Substituting equation (6) in equation (7), 𝑃𝐿𝑉(𝑟) between source activity at 
location 𝑟 and the applied tACS can be rewritten as 
𝑷𝑳𝑽(𝒓) =
𝟏
𝑵
|∑ 𝒆𝒊(𝜱𝑩𝑨(𝒓,𝒏)+𝜱𝒕𝑨𝑪𝑺(𝒓)− 𝜱𝒔𝒕𝒊𝒎(𝒏))
𝑵
𝒏=𝟏
| 
𝑷𝑳𝑽(𝒓) =
𝟏
𝑵
|𝒆𝒊(𝜱𝒕𝑨𝑪𝑺(𝒓)) ∑ 𝒆𝒊(𝜱𝑩𝑨(𝒓,𝒏)− 𝜱𝒔𝒕𝒊𝒎(𝒏))
𝑵
𝒏=𝟏
| 
𝑷𝑳𝑽(𝒓) =
𝟏
𝑵
|𝒆𝒊(𝜱𝒕𝑨𝑪𝑺(𝒓))| |∑ 𝒆𝒊(𝜱𝑩𝑨(𝒓,𝒏)− 𝜱𝒔𝒕𝒊𝒎(𝒏))
𝑵
𝒏=𝟏
| 
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𝑷𝑳𝑽(𝒓) =
𝟏
𝑵
|∑ 𝒆𝒊(𝜱𝑩𝑨(𝒓,𝒏)− 𝜱𝒔𝒕𝒊𝒎(𝒏))
𝑵
𝒏=𝟏
| 
(8) 
where |𝑒𝑖(𝛷𝑡𝐴𝐶𝑆(𝒓))| = 1, as the absolute value of a complex exponent is 
always one. Hence proved, 𝑃𝐿𝑉(𝑟) does not depend on the linear phase 
distortions induced by tACS at sensor level. 
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3. Chapter 3 – Discussion 
Perturbing brain activity to modify behavior has been in practice for decades. 
Recent advances in neurotechnology have led to the emergence of non-
invasive brain stimulation (NIBS) as a promising tool for perturbing brain activity 
for investigating human behavior. Even though there is substantial evidence 
supporting NIBS as a tool to modulate behavior, the underlying mechanisms of 
action of NIBS remained obscure. It was not possible to assess brain activity 
during NIBS as the noise of the applied stimulation interferes with recording of 
brain activity. 
The proposed amplitude modulated transcranial alternating current 
stimulation (tACSAM) NIBS protocol attenuated tACS stimulation-related artifacts 
at the physiological frequency bands. Spatial filtering-based algorithms such as 
Synthetic Aperture Magnetometry (SAM) allow for improved assessment of 
physiological brain activity during tACSAM compared to classical transcranial 
alternating current stimulation (tACS). Furthermore, it is possible to entrain and 
localize the entrained brain activity across the brain, predominantly under the 
stimulation electrodes by assessing the synchrony between the applied 
modulation signal of tACSAM at FOI and the ongoing brain activity. The 
entrainment was limited to the frequency of the amplitude modulation signal of 
the applied tACSAM. While establishing assessment of magnetic activity 
acquired during electrical stimulation in a phantom head, it was possible to 
confirm the location of dipolar source synchronized with the applied electric 
stimulation within millimeter precision. 
Entrainment is one of the possible mechanisms of interaction of the applied 
tACSAM signal with the ongoing brain activity. While entraining, the phase of the 
ongoing brain activity synchronizes with the phase of the applied amplitude 
modulation signal. Unlike classical tACS, where power of the applied stimulation 
signal is concentrated at the FOI, tACSAM entrains brain activity at the frequency 
of the amplitude modulation signal without delivering most of the power at the 
FOI. Thus, the mechanism of interaction of tACSAM is different from classical 
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tACS. For neurons to be susceptible to the amplitude modulation signal, 
neurons must be able to demodulate the applied tACSAM signal due to the non-
linear properties of neuronal cell membrane (Rise, 1954, Goldman, 1954). Apart 
from the amplitude modulation signal, the tACSAM signal also has a carrier 
signal at 220 Hz and it was not possible to find any influence of the carrier 
signal on brain activity in the physiological frequencies of interest. However, to 
ensure there is no influence of the carrier signal on the brain activity, carrier 
frequencies in the range of kilohertz (kHz) must deliver tACSAM (Grossman et 
al. 2017). Grossman et al. (2017) recently showed that neurons do not fire in 
response to 1 mA tACS when applied at 1 kHz or 2 kHz. 
After establishing the mapping of tACSAM-entrained brain activity, tACSAM 
was applied while performing a working memory task to investigate tACSAM 
mediated behavioral modulation. The results show that delivering tACSAM 
modulated at each individual’s theta peak frequency (4 – 8 Hz) over the medial 
prefrontal cortex (mPFC) entrains endogenous theta oscillations originating 
form mPFC and anterior cingulate cortex (ACC). Even though tACSAM was 
delivered by attaching the stimulation electrodes over the frontal and parietal 
brain regions, entrainment was not found under the parietal electrode. In 
addition, entrainment of theta activity interferes with maintenance of temporal 
order of information essential for performing the n-back task that was used for 
assessing working memory. Even though power of theta oscillations increases 
with the difficulty level of n-back task (Gevins et al. 1997), the stimuli 
information seems to be encoded in the phase of theta oscillations as tACSAM 
induced phase synchrony worsens accuracy in n-back task. Since the inhibition 
in power-increase occurs only in PFC and not in ACC, hints towards a 
differential role of PFC and ACC while engaging in an n-back task. PFC has 
been associated with inhibiting competing stimuli (Munakata et al. 2011) 
whereas ACC is associated with controlling attention (Gehring and Knight, 
2000). Thus, entrainment of theta oscillations originating from PFC probably 
interferes with encoding of competing stimuli and therefore does not require n-
back task related theta power increase in PFC to inhibit competing stimuli. 
However, to identify influence of entrainment on encoding and maintenance of 
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stimuli, requires another working memory task with non-overlapping encoding 
and maintenance intervals unlike the n-back task, that requires continuous 
encoding, maintenance and update of stimuli. Unchanged reaction times and 
power of theta oscillations originating from ACC suggests attention control 
remains undisturbed. 
These findings highlight the importance of phase regulation for performing 
the n-back task and tACSAM may not influence other working memory tasks that 
do not require endogenous phase regulation. Contrary to disrupting working 
memory, it might be possible to disrupt dysfunctional endogenous cortical-
subcortical phase synchronization using tACSAM for example in case of 
depressive disorders and schizophrenia to relieve symptoms, but further 
investigations are required for a confirmation. 
Application of tACSAM disrupts endogenous phase regulation but it might be 
also possible to boost endogenous phase regulation by applying brain state 
dependent stimulation. In this study, tACSAM was applied in an open-loop 
protocol where phase of the stimulation signal is independent of the ongoing 
brain activity. Therefore, implementation of brain state dependent stimulation 
(closed-loop) protocol would allow triggering the stimulation at a specific phase 
of the ongoing brain activity in real-time to boost endogenous phase regulation. 
In addition, brain state dependent stimulation can perturb brain activity in 
response to an observed feature of brain activity and utilized for inferring causal 
links between the perturbed physiological feature and behavior. 
However, implementation of brain state dependent stimulation requires 
minimization of stimulation artifacts in the recordings of brain activity to allow 
assessment of brain activity during stimulation in an online paradigm. Even 
though, it is possible to map entrained brain oscillations and assess the induced 
behavioral modulations, the existence of a residual stimulation artifact in the 
assessed brain activity cannot be excluded. Even after minimizing the 
stimulation artifacts in the assessed brain activity, it is not possible to distinguish 
the contribution of stimulation artifact from the brain activity at the FOI. 
Recently, demodulation of tACSAM related artifacts were associated with 
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nonlinear electrical properties of the stimulation setup (Karsten et al. 2018). This 
raised the question whether previously observed entrainment measured as 
phase-lock value (PLV) were due to the demodulation artifacts of tACSAM 
signal.  
To further characterize power and PLV in tACSAM and tACS, we conducted 
a series of experiments to contrast between response of tACSAM between 
human brain and a melon phantom. Under the consideration, the electrical 
properties of the biological membranes would be similar for human brains and 
melon phantom except for the functional neurons allows identifying functional 
interactions of tACSAM signal with neurons. In addition, the layered structure of 
the melon phantom with different conductivities resembles a human head. Our 
results show a difference in ratio of power between modulation frequency and 
carrier frequency reflects demodulation of tACSAM signal plus possible neural 
entrainment. Since non-linearities of the stimulation circuit including the 
stimulator and electrical properties of the biological membranes can demodulate 
the tACSAM signal, leakage of power at carrier frequency to the modulation 
frequency is expected. One could argue that the observed difference in the 
power ratio between human brains and melon phantom could be due to 
differences in conductivities. However, if this were true then one would also 
expect the PLV values to be comparable between tACSAM and tACS, which is 
the case for melon phantom but not for human brains. Even though, the power 
during tACS is higher compared to the tACSAM at the target frequency, one 
would expect a larger increase in PLV during tACS compared to tACSAM, which 
is contrary to what was found for human brains. This suggests that tACSAM is 
associated with demodulation at the target frequency, possibly due to biological 
mechanisms.  
Even though, there are indications for a possible functional interaction of 
tACSAM signal with biological tissue, currently the contribution of demodulation 
of tACSAM signal due to non-linearities of the stimulator and functional 
interaction with the neurons in brain cannot be reliably distinguished.  
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Recently, steady phase deflections were detected in MEG sensors during 
tACS (Noury et al. 2017). These deflections depend on the frequency of applied 
stimulation and vary across MEG sensors. Under these assumptions, 
mathematically it was possible to derive that PLV estimate is not affected by 
steady phase deflections. PLV is a measure of circular variance in phase space 
and a constant phase deflection does not alter the circular variance, which 
makes PLV resilient to constant phase deflections. Apart from PLV, other 
measures such as signal entropy based information estimates might also be 
resistant or resilient to stimulation artifacts. A random noise signal or a pure 
sine wave such as the tACS signal does not carry any information. Therefore, 
estimating the information content or information transfer between brain regions 
might allow deriving meaningful conclusions. However, further investigations 
are necessary to establish information theory-based estimates such as rank 
vector entropy (RVE) and symbolic transfer entropy (STE) as tools to assess 
brain activity acquired during NIBS (Robinson et al. 2013). Apart from testing 
novel assessment algorithms, technical solutions to eliminate demodulation of 
tACSAM signal by non-linearities in the stimulation setup must be considered. 
For example, implementing a hardware band-pass filter centered at the carrier 
frequency and including the side bands reflecting amplitude modulation, in the 
stimulation circuit delivering tACSAM can attenuate power leakage to the 
modulation frequency. Furthermore, implementing auxiliary circuits that 
measure deviations from the programmed stimulator output and inject current to 
compensate the measured deviations can potentially eliminate nonlinear 
stimulation artifacts.  
Establishing assessment of brain activity during NIBS would allow brain 
state dependent stimulation for purposeful manipulation of physiological 
features. Depending on the physiological feature considered for perturbing, for 
example tACS for manipulating power and tACSAM for manipulating phase 
would allow experimenters to select appropriate stimulation paradigms. 
Perturbing a physiological feature upon estimation in real time would allow 
facilitating or impeding of underlying physiological processes. Depending on the 
brain state, applying electrical stimulation can facilitate or impede memory 
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formation while the observed brain state is classified as poor or optimal for 
performing a memory task respectively (Hanslmayr et al. 2017). Performing 
NIBS in a brain-state dependent closed-loop stimulation paradigm while 
engaging in a cognitive task, would allow establishing a tool to determine a 
causal link between the perturbed feature and performance in the cognitive 
task. Such causal links might eventually uncover physiological biomarkers as a 
substrate for NIBS-based therapeutic interventions. Brain-state dependent 
closed-loop stimulation along with neurofeedback of the perturbed physiological 
feature as a therapeutic tool would allow for the development of personalized 
treatment options for various neurological and psychiatric disorders. 
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4. Chapter 4 – Summary 
Application of non-invasive brain stimulation for perturbing brain activity is 
well established. Various forms of brain stimulation protocols have been 
effectively demonstrated to modulate behavior associated with the perturbed 
brain activity. However, the interaction of brain stimulation with ongoing brain 
activity has been challenging to characterize as the stimulation artifacts in the 
recordings of brain activity impedes such characterization. 
The proposed amplitude modulated transcranial alternating current 
stimulation (tACSAM) attenuates possible stimulation artifacts at the frequency of 
interest. This is possible by modulating the amplitude of high frequency 
transcranial alternating current (tACS) signal at a lower physiological frequency 
of interest to generate the tACSAM signal. Furthermore, application of tACSAM 
allows localization of the perturbed brain activity with millimeter precision by 
applying spatial filters on magnetoencephalography (MEG) recordings. For 
characterization of the tACSAM-perturbed brain activity, conventional spectral 
analysis may not be sufficient. Thus, power and PLV were compared between 
tACS and tACSAM in a phantom model and MEG data recorded from healthy 
human volunteers.   
The synchronization estimate, phase lock value (PLV), is a measure of 
circular variance between two signals calculated as a function of instantaneous 
phase difference between the ongoing brain activity and the applied stimulation 
signal. Even though, systematic linear phase shifts due to the applied tES signal 
occur in MEG sensors, mathematically such systematic linear phase shifts 
nullify while calculating PLV. Systematic evaluation of the MEG data acquired 
during tACSAM showed increased PLV compared to tACS indicating increased 
demodulation in such paradigm.  
Upon observing tACSAM-related increased demodulation, it was still unclear 
whether such perturbations of brain activity could modulate behavior. To 
address this question, twenty volunteers while engaging in a working memory 
paradigm received tACSAM or no stimulation. Working memory is associated 
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with transient storage and processing of information. Increasing the difficulty of 
working memory paradigm increases the amplitude of brain activity in the theta 
band (4 – 8 Hz), while encoding the temporal order of the transient information 
in the phase of the theta activity. Thus, by targeting individual’s theta peak 
frequency using tACSAM, it was possible to modulate the accuracy in the 
working memory paradigm. The accuracy on a working memory parading of 
volunteers receiving tACSAM deteriorated compared to the participants who did 
not receive brain stimulation. Therefore, targeting brain activity in theta band 
using tACSAM interferes with execution of normal working memory processes, 
probably by interfering with the maintenance of temporal order of the transient 
information. Furthermore, tACSAM but not sham stimulation inhibited the 
increase in amplitude of theta activity during the n-back task, which is essential 
for working memory processes. 
Even though, it is possible to assess the brain activity recorded during 
tACSAM, presence of stimulation artifacts in the assessed brain activity cannot 
be excluded. However, it was possible to gather evidence that tACSAM is 
associated with demodulation. TACSAM-induced phase synchrony at the 
modulation frequency was larger compared to tACS even though the power 
during tACS is larger compared to tACSAM. This observation is in favor of 
possible functional interaction of tACSAM signal with neurons in the brain. 
However, currently it is not possible to distinguish between the contribution 
towards demodulation of tACSAM signal by non-linearities of the stimulation 
setup and functional interactions with neurons in the brain. 
In conclusion, tACSAM can alter cognitive function, such as working memory 
performance, possibly through entrainment. The results obtained from such 
investigations must be interpreted with great care, as the extent by which 
possible stimulation artifacts impact the MEG recordings is not entirely clear. 
Further investigations are necessary to develop quantitative assessment 
techniques for characterizing artifacts of the stimulation and eventually develop 
brain state dependent stimulation paradigms in real time as a research tool and 
therapeutic intervention. 
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5. German Summary 
Derzeit existieren zahlreiche gut etablierte Verfahren der nicht-invasiven 
Hirnstimulation zur Manipulation von Hirnaktivität. Dabei konnten durch die 
Anwendung diverser Stimulationsprotokolle Verhaltensweisen, die mit einer 
Störung der Hirnaktivität in Zusammenhang stehen, effektiv moduliert werden. 
Jedoch war die Erforschung der Interaktion von Hirnstimulation und der 
zugrundeliegenden Hirnaktivität bisher mit großen Herausforderungen 
verbunden, da die Stimulation mit starken Störsignalen einhergeht, die eine 
Charakterisierung der Hirnaktivität unmöglich machen. 
Mit dem hier vorgestellten Stimulationsprotokoll, der amplitudenmodulierten 
transkraniellen Wechselstromstimulation (engl. amplitude modulated 
transcranial alternating current stimulation, tACSAM), einer Form der 
transkraniellen elektrischen Stimulation (tES), konnte die Kontamination von 
physiologischen Frequenzbändern wesentlich reduziert werden. Dies wird 
erreicht, indem die Amplitude eines hochfrequenten transkraniellen 
Wechselstromsignals (tACS) auf eine langsamere physiologische Frequenz 
moduliert wird. Durch die Anwendung von räumlichen Filtern auf simultan zur 
Stimulation aufgenommene Magnetoenzephalograpie (MEG)-Daten, lassen 
sich tACSam-assoziierte Demodulationen, die möglicherweise durch biologische 
Mechanismen entstehen, mit Millimeter-Präzision ermitteln. 
Da die Existenz von bisher nicht detektierten stimulationsbedingten 
Störsignalen im untersuchten Frequenzbereich nicht vollständig 
ausgeschlossen werden kann, wäre für die Charakterisierung der durch tACSAM 
manipulierten Gehirnaktivität, eine konventionelle Analyse des 
Frequenzspektrums nicht ausreichend. Aus diesem Grund wurden Maße für die 
Synchronisation zwischen appliziertem tACSAM-Signal und unterliegender 
Hirnaktivität getestet, um die Auswirkungen der tACSAM auf das Gehirn zu 
untersuchen. 
Als Maß für die Synchronisation wurde der sogenannte Phase Lock Value 
(PLV) geprüft. Dieser spiegelt die unmittelbare Phasendifferenz zwischen der 
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momentanen Hirnaktivität und dem applizierten Stimulationssignal wider. Zwar 
berichten Noury et al. 2017 von systematischen linearen 
Phasenverschiebungen in Zusammenhang mit dem applizierten tES Signal, 
diese heben sich jedoch bei der Berechnung des PLV, der auf der 
unmittelbaren Phasendifferenz basiert, wieder auf. 
Während tACSAM konnte bei der systematischen Auswertung der simultan 
erhobenen MEG Daten eine erhöhte Demodulation in der Zielfrequenz 
gegenüber tACS beobachtet werden. 
Es blieb jedoch unklar, ob eine solche erhöhte Demodulation auch Einfluss 
auf kognitive Funktionen hat. Um dieser Frage nachzugehen, wurde die 
Leistung des Arbeitsgedächtnisses bei 20 gesunden Probanden mit und ohne 
tACSAM untersucht. Das Arbeitsgedächtnis spielt eine wichtige Rolle bei der 
vorübergehenden Speicherung und Verarbeitung von neuen Informationen. Mit 
dem Schwierigkeitsgrad der gestellten Aufgabe nimmt auch die Amplitude der 
Hirnaktivität im Theta-Frequenzband (4 - 8 Hz) zu, wobei die zeitliche Abfolge 
der eingehenden Information in der Phase der Theta Oszillation kodiert wird. So 
war es durch die Synchronisation der jeweils am stärksten ausgeprägten 
individuellen Theta-Frequenz mit der applizierten tACSAM möglich, die Leistung 
des Arbeitsgedächtnisses während der Durchführung des Experiments zu 
beeinflussen. Dabei verringerte sich die Genauigkeit mit der die Aufgabe gelöst 
wurde bei den Teilnehmern, die tACSAM erhielten im Gegensatz zu 
Teilnehmern, die nicht stimuliert wurden. Demzufolge behindert ein Entrainment 
der Hirnaktivität im Theta-Frequenzband die normale Ausführung von 
Prozessen, die wichtig für die Funktion des Arbeitsgedächtnisses sind, 
vermutlich indem die Beibehaltung der zeitlichen Abfolge der betreffenden 
Informationen gestört wird. Zudem verhindert tACSAM eine Zunahme der 
Amplitude von Theta Aktivität, die normalerweise im Zusammenhang mit der 
Durchführung der Aufgabe beobachtet wird. 
Obwohl es grundsätzlich möglich ist, die während tACSAM aufgenommene 
Hirnaktivität zu analysieren, kann die Existenz von bisher nicht detektierbaren 
Stimulationsartefakten nicht ausgeschlossen werden. Es konnten jedoch 
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Anhaltspunkte gefunden werden, die für eine Demodulation des tACSAM-Signals 
sprechen. Durch die Demodulation eines amplitudenmodulierten Trägersignals 
lässt sich im Leistungsspektrum ein qualitativer Übertrag der Leistungsdichte 
von der Trägerfrequenz zur Modulationsfrequenz beobachten. Dieser Effekt war 
bei Messungen mit dem menschlichen Gehirn größer als in einer Melone, die 
als Phantomkontrolle diente. Zusätzlich bewirkte tACSAM auf der 
Modulationsfrequenz eine stärkere Phasenkopplung als konventionelle tACS, 
wenngleich die Leistungsdichte im Vergleich während konventioneller tACS 
höher war. Diese Beobachtungen stützen die Annahme einer funktionellen 
Interaktion des tACSAM-Signals mit dem Gehirn. Jedoch ist es derzeit nicht 
möglich zu unterscheiden, in welchem Ausmaß nichtlineare Eigenschaften des 
Stimulations-Setups zur Demodulation des tACSAM-Signals beitragen und zu 
welchem Grad die Demodulation durch tatsächliche funktionelle Interaktionen 
mit dem Gehirn hervorgerufen wird. 
Es lässt sich zusammenfassen, dass die hier vorgeschlagene tACSAM die 
zielgerichtete Manipulation von Hirnaktivität erlaubt und während tACSAM 
erhobenen MEG Daten zu einem gewissen Maß auf das Ausmaß der 
induzierten Einwirkung auf die Hirnaktivität schließen lassen. Trotz allem sollten 
die Ergebnisse einer solchen Untersuchung mit Vorsicht interpretiert werden, da 
die Möglichkeit von bisher nicht erkennbaren Artefakten durch die Stimulation 
nicht ausgeschlossen werden kann. Aus diesem Grund sind weitere 
Untersuchungen zur Entwicklung quantitativer Messverfahren für die 
Beurteilung von stimulationsbedingten Störsignalen notwendig, um vom 
aktuellen Hirnzustand abhängige Echtzeit-Stimulationsparadigmen entwickeln 
zu können, die in der Forschung oder im Rahmen therapeutischer Eingriffe 
eingesetzt werden können. 
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